STRUBBE, J. H. AND A. J. ALINGH PRINS. Reduced insulin secretion after short-term food deprivation in rats plays a key role in the adaptive interaction of glucose and free fatty acid utilization. PHYSIOL BEHAV 37(3) 441-445, 1986.---The 
present study was undertaken to investigate the effects of short-term fasting periods up to 24 hr on insulin secretory responses of the B-cell to glucose and the consequences for FFA and glucose availability in the circulation. Conscious male rats provided with permanently implanted heart catheters received glucose infusions at midday, lasting for 20 rain, in the nearly ad lib condition (i.e., 6 hr of non feeding during daytime) and after extending the fasting period to 12, 18 and 24 hr. Basal preinfusion insulin levels and insulin responses to glucose decreased gradually during these fasting periods. Basal blood glucose dropped only significantly after 24 hr of fasting whereas basal FFA levels increased gradually from 6 hr of fasting onwards. After prolonged fasting insulin released during glucose infusion became more effective in suppressing plasma FFA levels. While our data suggest that the sensitivity to the antilipolytic action of insulin is increased, the decreased responsiveness of the B-cell after moderate fasting periods may result in a drop of basal insulin levels. This facilitates the switch from glucose to FFA metabolism for most tissues already, when the first meals are missed. The results suggest that this physiological process is important to save the glycogen stores as long as possible as fuel for the central nervous system, and also to support basic energy requiring processes adequately.
Plasma insulin
Blood glucose Free fatty acids Food deprivation Insulin secretion IN vitro and in vivo studies of insulin secretion have shown that the insulin secretory response to glucose is markedly reduced in the fasted state [4, 21, 22, 25] . The mechanism for this phenomenon has been studied in detail and there is evidence that decreased c-AMP formation from ATP is involved [4, 25] . It is also known that fasting over 24 hr is accompanied by a decrease in blood glucose and an increment in plasma free fatty acids (FFA) [13, 18] . There is some evidence that in the fasted state the increased availability of FFA covers the metabolic needs of most tissues. In this state, however, the central nervous system can still utilize mainly glucose, which is produced by the liver by gluconeogenesis at a low rate [ 13] . During short-term fasting, glycogen in the liver may meet the metabolic needs for glucose via glycogenolysis. It is therefore important to known when during the day FFA levels begin to increase and what the responsiveness of the B-cells is over the course of fasting. Insulin has an antilipolytic action and is a potent stimulus for uptake of glucose and FFA in many tissues [6] . Changes in responsiveness of the B-cell may be reflected in changes of basal insulin levels which influence the availability of glucose and FFA in the blood. Most studies on the fasting phenomenon, however, deal with long-term fasting.
In vivo studies on short-term fasting are scarce because it is sometimes difficult to cope with the feeding rhythm and the circadian control over various endogenous rhythms of physiological processes, such as glycogenesis [15] , intestinal transport [2] , liver activity [23] , all influencing glucose and FFA plasma levels. The present study was therefore undertaken to investigate the effects of short-term fasting periods up to 24 hr on insulin secretory responses of the B-cell to glucose and the consequences for FFA and glucose availability in the circulation.
METHOD

Animals
Male albino Wistar rats (380-420 g) were kept solitarily in Plexiglas cages at a room temperature of 20°C. Light was on from 6 a.m. to 6 p.m. Food and water were supplied ad lib STRUBBE AND AIJNGIq t)RINS except during the food deprivation experiments. The diet, pelleted lab chow, contained 20% protein, 5% fat, 53.3% carbohydrate and 21.7% minerals, cellulose and water. Energy content amounted to 17.8 kJ/g. A rat could gnaw off pieces of food through vertical stainless steel bars situated in front of the food hopper. Spillage was collected in an undertray attached to the food hopper. The weight of each food hopper was sampled continuously by a programmed microprocessor such that the amount of food eaten during every minute over the day-night cycle could be ascertained. Access to food could be restricted by a horizontally sliding door situated in front of the hopper. Door opening and closing was activated by a programmed clock.
Surgeo' and Blood Sampling
The rats were provided with two permanent heart catheters to the right atrium. The sampling cannula was inserted into the right jugular vein and the infusion cannula into the left [17] . A small swivel joint was incorporated in the infusion tube [20] . These catheters allow blood sampling and intracardial infusion in the freely moving, undisturbed and unanesthetized rats. Cannulated rats were used for experimentation once they had become adapted to the sampling procedure, usually after about one week. Blood samples (0.5 ml) were transferred immediately to chilled (0°C) centrifuge tubes containing 10 /~1 heparin solution (500 U/ml) as anticoagulant. To avoid clotting of blood during the sampling procedure 6% citrate solution was used instead of heparin which causes the activation of lipoprotein lipase. After each sample, 0.5 ml of citrated blood of a donor rat was transfused through the sample catheter.
Experiments
The experiments were performed on six unanesthetized and undisturbed rats. Intravenous glucose infusions were given to test the responsiveness of the B-cell since oral feeding would interact with different intestinal contents. The latter may release hormonal and other gut factors which may influence the results. In order to prevent differences due to circadian effects, intracardial glucose infusions were all given at the same time at the middle of the light phase by infusion of 10% (w/v) glucose in distilled water over a period of 20 rain at a rate of 10 mg/min. The infusion was given after 6 hr of food deprivation during the daytime (i.e., in the nearly 
Chemical Determinations
Blood glucose was measured by the ferricyanide method of Hoffman with a Technicon Autoanalyzer on 0.05 ml whole blood from each 0.5 ml sample. The remaining 0.45 ml blood was centrifuged at 4°C and 0.15 ml of the plasma was used for the free fatty (FFA) assay and the remaining plasma was stored at -30°C for the insulin assay.
Plasma FFA was determined with the autoanalyzer according to the method of Antonis [1] based on the measurements of the chloroform soluble copper salts of the longchain fatty acids. The method was adapted to 0.15 ml plasma.
Rat-specific plasma immunoreactive insulin (IR1) was determined by means of a radioimmunoassay kit (NOVO). Guinea pig serum M8309 served as antiserum for the insulin assay. Duplicate assays were performed on 25 p] plasma samples. The bound and free 125I-labeled insulin was separated by means of a polyethylene glycol solution (23.75% w/w). The coefficient of variation of the immunoassay was < 8%.
Statistical Analysis and Calculations
Correlations were calculated with Kendall's rank correlation method. Differences were tested for statistical significance with paired t-test, p<0.05 (two tailed) being considered significant. Results are stated as mean+SEM. Responses were quantified by measuring integrated areas below (FFA) or above the baseline (glucose, insulin) with a 
RESULTS
Feeding Behavior
During ad lib conditions rats ate most of their food in the night (Fig. 1) . During the first 6 hr of the light phase there was almost no feeding activity, whereas feeding increased gradually during the latter half of the light phase. Feeding activity was bimodally distributed over the dark phase with peaks near the beginning and near the end of the dark phase. Therefore, 6 hr of food deprivation (i.e., the first 6 hr of the light phase) can be considered as similar to the ad lib condition, and 12, 18 and 24 hr of food deprivation thereby imposing small, medium and long fasting periods.
Basal Values in the Plasma
Basal glucose did not differ significantly after 6, 12 or 18 hr of fasting averaging around 6 mmol/l (Fig. 2) . After 24 hr of fasting basal glucose dropped significantly below the values of the latter conditions, reaching a level of 5.2_+0.1 mmol/l (O<0.05). Basal immunoreactive insulin (IRI) decreased gradually from 40_+3 mU/l in the ad lib condition to 27_+3, 21_+2 and 17_+2 mU/l (mean_+SEM) after fasting periods of 12, 18 and 24 hr, respectively. The difference became significant by 12 hr (o<0.01). There was a significant negative correlation between basal plasma IRI and fasting time 09<0.01, r=0.49). Basal plasma FFA increased gradually during fasting from 0.21-+0.02 to 0.27-+0.02, 0.35-+0.03 and 0.40_+0.02 mEq/1. The change was significant by 12 hr (O<0.05). There was a significant positive correlation between plasma FFA and fasting time (/9<0.01, r=0.63).
Responses to Intravenous Glucose
Blood glucose concentration increased immediately upon start of the glucose infusion, the most rapid rise occurring during the initial 5 min with a progressively less rapid increase which lasted until the end of the infusion 20 min later (Fig. 3) . Integrated blood glucose responses increased with increasing fasting times (Fig. 4) . Compared with the ad lib condition significant difference was observed already after 12 hr of fasting (p<0.05). Coincident with the rapid rise of blood glucose plasma IRI markedly rose and was evident at the first minute (Fig. 3) . The 1 rain values reflected the initial phase of a typical biphasic pattern of responding. A major secondary rise of IRI appeared between 3 and 5 min and lasted until the infusion was terminated at 20 min. Plasma IRI rapidly declined to baseline values. Integrated plasma IRI responses over the 20 min decreased with increasing fasting times (o<0.02, r=0.37) (Fig. 4) . Plasma insulin responses were slightly decreased after 12 hr (p<0.1), compared with the ad lib condition. Significant differences were observed after 18 (O<0.05) and 24 hr of fasting (p<0.01). The responsiveness of the B-cell for glucose increments can be ascertained by the calculation of the insulinogenic indexes, i.e., quotient of integrated insulin response and glucose response. We obtained the following indexes: 1.06, 0.85, 0.67 and 0.33 for the 6 hr, 12 hr, 18 hr and 24 hr of fasting, respectively. FFA levels began decreasing after the first phase of insulin release and the decrease was greater with increased fasting time (o<0.05, r=0.29) (Fig. 3) . The first significant difference was observed after 12 hr of fasting (,o<0.05). The antilipolytic effect was assessed by calculating an antilipolytic index, i.e., quotient of integrated FFA responses and insulin responses. We obtained the following indexes: 0.55, 1.15, 1.57 and 1.86 for the 6, 12, 18 and 24 hr of fasting, respectively. The saline control infusions did not show significant changes in each of the measured variables.
DISCUSSION
The present study shows that the responsiveness of insulin secreting B-cells for glucose is decreased with increasing fasting times. This holds for both the first phase of insulin release as well as for insulin secretion during the second phase. This decrease in responsiveness to glucose was especially prominent after 18 and 24 hr of fasting but was already manifest after 12 hr fasting.
Since during fasting the B-cells are not stimulated by the effects of food intake, basal plasma IRI levels gradually decreased. It is likely that this is caused not only by mechanisms which remove insulin from the circulation, but also by a decreased responsiveness of the B-cells [4, 10, 25] . We focussed our attention on basal insulin levels which are supposed to be a function of secretory responsiveness [8] . The close relationship between responsiveness (the insulinogenic index) and basal insulin levels is also clear from this study. Since insulin has a strong antilipolytic action and is a potent stimulus for uptake of FFA by tissues, especially in adipose tissue [6] , the drop in basal insulin level after a fast should allow elevation of the FFA concentration. After fasting the basal rate of lipolysis is markedly increased [6,7[ . This is reflected in the observed increased basal FFA levels during fasting. In contrast herewith is the increase of the antilipolytic index during prolonged fasting. In vitro studies may explain this since after fasting adipose tissue is more sensitive for insulin binding [11, 241 . While in vitro insulin-stimulated glucose uptake in fat cells is reduced after fasting [ 11, 24] an increased uptake of FFA is possible. After a meal a parallel reduction was seen in plasma FFA and plasma glycerol [121 which may indicate that mainly lipolytic activity is affected by insulin and not the uptake of FFA in the tissues.
After fasting basal release of glycerol and FFA from tht cells in femoral regions is more sensitive for the inhibiting influence of insulin [31. The increased sensitivity for the antilipolytic action of insulin after fasting may play an important role in the causation of the phenomenon. This new finding holds a paradox at first sight because the increased antilipolytic effect of insulin is related to the higher rate of basal lipolysis and a lower rate of glucose oxidation. It is conceivable, however, that this effect should prevent the development of excessive lipolysis and subsequent ketoacidosis. An elevation of basal FFA levels resulting in more FFA utilization in tissues [7, 9] permits a lower glucose consumption in which the reciprocal relationship between glucose and FFA metabolism, known as the glucose-fatty acid cycle may play an additional role [14, 16] . These processes in which the decreased responsiveness of insulin secretion plays a key function may contribute to prolonging the availability of glucose lbr the central nervous system by conserving liver glycogen. The sharp drop of basal glucose between 18 and 24 hr of fasting may indicate that the glycogen stores are depleted to a critical level. Evidence exists that during that time gluconeogenesis is activated to maintain glucose production on a low level 113[. During starvation glucagon plays an important role in the stimulation of gluconeogenesis [19] . The ability of muscle and other tissues to use fat as metabolic fuel during fasting also saves protein as a source for gluconeogenesis [5] . In summary, it is suggested that the decreased responsiveness of insulin secretion by the B-cell after moderate fasting periods results in a decrease of basal insulin. This in turn facilitates the conversion from glucose to FFA metabolism even when the first meals are missed, in order to save the glycogen stores as long as possible as fuel for the central nervous system and still support basic energy requiring processes adequately. Although the decrease in plasma insulin may allow increased lipolysis, excessive lipolysis is prevented by an increased antilipolytic action of insulin during lasting.
